When a stimulus is applied to muscle, the response is indicated first by excitation which is set up in the membrane of each reacting fiber, and then by contraction which is a function of the substance within the membrane. If stimulation is effected at a particular spot in a fiber by means of a directly applied cathodal electric shock or by arrival of a nerve impulse at an endplate, the state of excitation in the form of the self-propagated action potential spreads out in either direction from that spot to the fiber's ends. As recently reviewed by Katz,' the evidence is clear that contraction, in contrast, is not itself automatically propagated, but develops locally in each longitudinal segment of the contractile material in consequence of the excitation momentarily present in the nearby membrane as the action potential sweeps by. This dependence of contraction on excitation indicates that there must be some process that is initiated in the excited membrane and which by moving inward makes contact with the contractile elements so as to initiate contraction. We shall designate the entire sequence of reactions -excitation, inward acting link, and activation of contraction-by the term excitation-contraction (E-C) coupling.
Mechanical latency and E-C coupling By their very nature, the events of E-C coupling must occur during the time interval that elapses between the instant of application of a stimulus to the muscle fiber and the instant at which contraction starts. This interval is identical with the mechanical latent period (LP) of contraction and it is therefore evident that studies of the LP should throw some light on the mechanism of E-C coupling.
For nearly a century the LP has been thought of as an interval during which the contractile system is undergoing some transformation which, though free of mechanical change, is concerned with engendering a state capable of manifesting tension at a later moment. In a certain sense this conception is still correct; but modern research demonstrates that even within the usually defined LP, mechanical changes occur. This finding-and others associated with it-are of great importance for our present study since they indicate the earliest moment following stimulation at which the contractile system begins its response, and they therefore serve at least to determine the kinetic inter-relations of the various reactions of E-C coupling. We shall now briefly describe certain aspects of these earliest phases of the contractile response that are relevant to the problem.
It has been, in general, customary to regard the isometric myogram, e.g. of a twitch, as correctly representing the time-course of the tension changes of the contractile units of a muscle. Quite apart from certain complications in such a record due to possible propagative effects (of which we shall have more to say later), Hill" "08 has demonstrated by means of quick-stretch experiments that the tension-changes of the basic contractile component, comprising what is called the active state, are quite different from those recorded in the ordinary myogram. The active state is set up very abruptly after excitation, achieving full intensity very early within the conventionally defined contraction period; after a short interval of maintenance it then disappears in a characteristic time course. Furthermore, at full intensity the tension developed, even in a twitch (if maximal), is equal to that of the plateau of the maximal tetanus. Reference to Hill's paper will show how all this information is known; but of interest to us here are the changes that take place during the transition from rest to full activity in the process designated "activation."
Hill's mechanical (quick-stretch) experiments'2'0 prove that activation -in the sense of the early build-up of tension toward the full active stateis in evidence during the latter half of the LP. He has established further25 ' 29" that at this time the excited muscle abruptly begins the liberation of a special thermal output-the activation heat-which is distinct from the immediately following shortening heat that accompanies actual shortening of the activated contractile elements. Furthermore, during this critical period the muscle undergoes a special increase in optical transparency' and an increase in pH.' And finally it is of interest that Brown,' using the tech-nique of sudden application of high hydrostatic pressure to a muscle, has proved that a reaction (his alpha-process) is already underway during the latter portion of the latent period, which though not directly evident, can nevertheless be shown to determine both the magnitude and the time course of the ensuing contraction. Thus it is clear that during the latter half of the LP a muscle exhibits a number of distinct changes which are indicative of neither its resting nor its active state and which, since they include and are all parallel with the earliest signs of tension onset, must therefore signify some basic alteration of the contractile material that is concerned with the transition between these two states, i.e., with the activation process.
Still another alteration that occurs during the latter half of the LP is the latency relaxation (LR)-a minute, precontractile elongation of the muscle -which was first detected by Rauh6' by means of a very sensitive optical myograph. His observations have been confirmed and extended by work in our own laboratory"' " which employs the extremely sensitive piezoelectric, cathode-ray oscillographic method. (See Fig. 1 .) And Mauro,' using a similar technique, has recorded this phenomenon in the responses of single muscle fibers. Our own work and that of Abbott and Ritchie' have demonstrated that LR is not an artifact, but that it is an integral feature of the mechanical response of a stimulated muscle; and the work of Mauro proves that this is so for the individual fibers of the muscle.
In a series of papers from this laboratory"1'62'"'72 evidence was presented that the LR is a manifestation of a "tension-induction" process (i.e., what we now call activation) of the contractile material. Recently, however, Hill32 has contended that the LR does not originate in the basic contractile substance, but that it may be set up in some other structure-the excitatory membrane or the sarcolemma-and that it may appear as a by-product of excitation as such rather than of activation. This problem is discussed at length elsewhere (Sandow' ), but since we will use the LR in this paper as a sign of activation, this controversial question requires some discussion here. Two points seem to be at issue: is the LR a by-product of excitation or of some activity of the contractile material? And, in what structural component does it occur? Our earlier results"'" proved that the LR may be dissociated from excitation changes.* This then suggests that alterations of the contractile material are responsible for it; and this view is strengthened by the fact that the LR develops not merely, as previously stated, during the general latter part of the latent period, but (as is evident by comparison * Although in our work the first sign of any mechanical change following stimulation is the latency relaxation, Gopfert and Schaefer's using electronic recording methods at extremely high (106 x) voltage amplification claim to have registered in frog gastrocnemii a small mechanical change earlier than the LR. This is oppositely directed in respect to the LR and it is supposed to occur in synchrony with the action potential. There may be such an alteration; and if there is, then this would be further evidence that the LR is not a direct result of excitation. But the above authors do not state whether the mechanical and electrical changes were picked up at the same spot on the muscle. And there is the possibility that their pre-LR modification is a stylus artifact like that reported from our laboratory.' FIG. 1. Typical latent period mechanical response, showing the latency relaxation, of an isometric twitch of a curarized frog sartorius muscle at 13°C. Supermaximal shock, 50 a sec. in duration; the shock artifact can be seen at the beginning of the sweep, the timing spots on the record occur at 0.2 msec. intervals. The broad bands of light at the upper right are corresponding optical myographic records, the upper indicating the resting tension of the muscle (2 gms.), and the lower marking the deflection due to the developed tension at peak of the twitch (T). On the figure are indications of the time intervals of general interest, all measured from the instant of stimulation: LR, to the beginning of the latency relaxation; Lo, to the point of inflection of the LR; L, to the end of the LR; and Li, to the onset of tension development above the initial tension. (Li measures the duration of the latent period as usually defined.) The depth of the LR is symbolized by R.
with the work of Hill' "" '-'-) in very close coincidence with the time of onset of the most direct signs of activation of the contractile substance (activation heat, and the initial tension changes revealed by quick-stretch experiments). Hence, we infer that the LR is a by-product of activation.
But whether the LR therefore actually occurs in the contractile material or some other muscle fiber substance (e.g., the sarcolemma) cannot now be unequivocally settled. It is conceivable that it might develop in the contractile elements themselves-and this would signify that some molecular change of these elements causes them to elongate as they become activated.
Evidence supporting this view will be found in a previously cited paper.'
Or it might develop in such a structure as the sarcolemma-this then meaning that some agent emanating from the activation process acts on this material, causing its elements to lengthen and thus be recordable as the LR.
However, for our present needs it is immaterial whether the LR has its direct source in the elongation of structural elements of the contractile component or of some other material of the muscle fiber. Our main point is that the LR is a consequence of, and therefore may be used as a sign of activation; and for this assumption the foregoing discussion of the observed changes during the latter portion of the LP gives clear support. The particular value of utilizing the LR in this fashion becomes evident from the following considerations. Hill made his studies of activation by means of two principal techniques, thermal and mechanical (quick-stretch), both of which, despite remarkable recent improvements, are still not as good in temporal resolving power as is required for general application. The key experiments therefore have been performed at 0°C. at which the muscle responses are so slow that the inherent limitations of the experimental methods no longer stand in the way of obtaining the desired degree of temporal resolution. However, for reasons that will be clear later, we find it necessary to know and to correlate the kinetics of various latent period reactions at temperatures considerably above 00. For this purpose some signal of activation should be used which can be registered by a method which is fast enough to keep pace with the greater speed of muscle responses at higher temperatures. And this is adequately supplied by the LR, since the electronic method used for recording it is for all practical purposes free of any time lag.
Hence, in responses of a muscle obtained under any conditions we shall use the onset of the LR to mark the instant at which activation begins. Knowledge of this instant has an important bearing on our attempt to elucidate the mechanisms of E-C coupling, for on the basis of present evidence the contractile system does not in any way begin to participate in a response until its activation process is underway. This therefore indicates that during the first half of the latent period (measured by our interval LR, see Fig. 1 ) the events associated with excitation and with the link that connects excitation to activation must occur.
Kinetics of E-C coupling reactionis
We shall now attempt to make a detailed correlation of the kinetics of the sequence of excitatory and mechanical changes that occur in E-C coupling. A correlation of this sort was made by Fulton1' a generation ago, but the many advances achieved since then in the study of both excitation and contraction enable us to do this today with greater precision and significance. Yet our present, more sophisticated, knowledge introduces several complications concerning the relative timing of the pertinent events that must be carefully analyzed so that we may build our correlation on a proper basis.
It was shown in the introduction to this paper that contraction of any element of length of the internal contractile substance of a fiber is a local sequel to excitation in the contiguous length of membrane. The ideal temporal analysis of the E-C processes therefore requires that the observable alterations of the relevant systems be recorded at the same point along the length of a muscle. This cannot be accomplished, at least directly, by any methods that introduce propagated disturbances such as occur physiologically in association with the propagation of the muscle impulse or purely mechanically due to transmission of a wave of tension change in the inert elastic structures of the muscle. The desired kind of record of the latency mechanical events can be obtained if the stylus is set transversely across the belly of a muscle and it is arranged to serve as the cathode of a stimulating circuit as well as for mechanical pickup. In this way the latency relaxation is registered as a radial change (a decrease in thickness of the muscle fibers corresponding to the longitudinal elongation of the LR) at the point of initial excitation, thus eliminating any propagative effects along the muscle length." But the simplest and most effective method is massive stimulation of the muscle and axial recording. In this procedure the muscle is fully immersed in Ringer's solution and symmetrically flanked by Ag-AgCl electrodes of large area. Application of a shock to the electrodes results in a 'massive' current through the intervening volume of the bath and so, transversely, through the whole muscle. Earlier work utilizing this method for studies of single muscle fiber responses"' seemed to indicate that mechanical responses were obtained free of membrane excitation. However, our own work (unpublished) with intact muscle proves that excitation does occur. Although we have not attempted to demonstrate this by relevant electrical recording, we have found that the usual mechanical counterparts of excitation occur, namely, the presence of definite shock strength for both threshold and maximal responses, the absence of increased contractile output for supermaximal shocks, and, especially, the presence of the standard evidence for refractoriness. It may also be mentioned that corroborative evidence for the possibility of massive excitation of muscle fibers is found in the fact that action potentials are produced by nerve fibers when treated with massive shocks by a method which though different from ours is still, in effect, comparable with it." '5 Now the particular value of excitation of muscle by massive stimulation lies in the following considerations. In our experiments we have used shocks that are considerably supermaximal, so that any effects due to differences in threshold that may exist from point to point along a given fiber, or among the fibers of the whole muscle, tend to be nullified. Furthermore, the shocks are quite brief-50 to 100 u sec. Thus, when such a massive shock is applied, the entire face of the surface of each fiber directed toward the cathodal electrode has impressed upon it an adequate cathodal pulse in a short interval of time. Excitation is then set up essentially simultaneously at each element of length of the entire muscle, thus ensuring a mechanical response which, though recorded at an end of the muscle, is unburdened of any propagative complications. And, since the shock is so brief, the zero of time for analysis of this response may be taken, with negligible error, as the instant of application of the shock.
The fact stressed in the foregoing that massive stimulation results in synchronous excitation of the entire length of each fiber means of course that excitation as well as contraction is unpropagated-a point of considerable interest for our main subject, as will be seen later. But the immediate problem is to determine the kinetics of such excitation for correlation with the time course of the corresponding latency mechanical events. This could be done most appropriately by using action potential records obtained under conditions of massive excitation by very brief, supermaximal shocks. Since these are not at hand, we must turn to records of the propagated action potential to give us the necessary information. For this purpose we fortunately have available the highly precise records of membrane action potentials of single muscle fibers recently obtained by Nastuk and Hodgkin6' and by Fatt and Katz"4 by means of internal microelectrodes.
It must first be noted, however, that the propagated electrical disturbance consists of an initial, slowly rising, and relatively long foot which is followed by the sharp, rapidly varying spike potential. The transition between these is at the point of inflection of the rising curve of the action potential. Now the foot reflects the electrotonic and local response changes-essentially excitatory latency events-and only the spike signifies excitation.' It is known that the latency events are quite variable in duration and shape, depending on whether they are recorded at the point of initial excitation (e.g., at an end-plate or at a stimulating cathodal electrode) or after propagation has occurred.1" In particular, if excitation is caused by a brief, intense shock and the electrical record is registered at the cathodal electrode, the spike appears after a negligible latency and thus initiation of excitation occurs essentially in synchrony with the instant of application of the shock. Indeed, if the shock is of the order of ten times threshold, the work of Hodgkin et al. ' shows that not only the foot but also the entire rising phase of the spike is completed during the shock interval, and then only the parts of the action potential from crest onward appear on the record. However, barring excitation by such extremely super-threshold stimuli, the spike potential in either nerve or muscle fibers at a given temperature is remarkably invariant despite wide differences in the mode of its elicitation." Such behavior is to be expected, since as soon as a stimulus (whether it is the current delivered by an external generator or the local currents of propagation) changes the membrane potential to the point of instability, the spike potential then runs its course in terms of the inherent electrical properties of the excited membrane. (A strikingly exceptional form of the excitation potential is evoked by transmitter action at the muscle end-plate.1"' But even here, special membrane properties determine the form; and even though the spike potential is lower than normal and is followed by an anomalous "hump," the general kinetics of its rising phase are quite normal.)
From the foregoing considerations it is reasonable to assume that in our massively stimulated, unpropagated muscle responses, a spike potential develops which, though in phase throughout the whole length of each fiber, has the same form as that characteristic of the spike in the propagated disturbance. And furthermore, since the massive shocks we use for evoking mechanical responses are brief and several times maximal strength, there is a negligible foot to the action potential so that the initiation of the spike may be considered to be coincident with the instant of application of the shock. It is thus evident that the course of our massive excitation is derivable from the propagated action potential of muscle fibers if we neglect the foot in such records and equate the moment of initiation of the spike with the instant of massive stimulation.
Fortunately, the work of Nastuk and Hodgkin'M provides us with precisely measured data obtained over a wide range of temperature on the course of the action potential in fibers of the frog sartorius, which is the same kind of muscle as that which we have used for mechanical recording. These authors do not give explicit data on the duration of the spike, but their Table 3 gives the time required for the action potential to rise from 20%7 to 100% of crest height. At 20%o of crest, the muscle membrane is depolarized only to the extent of about 20 to 25 mV. Bearing in mind that the point of inflection of the rise of the action potential indicates the beginning of the spike, it is clear from Nastuk and Hodgkin's records, as it is also explicitly proved by the results of Fatt and Katz,"' that this amount of depolarization is only about half that required to discharge the spike. But the next 20 mV. or so of depolarization needed to reach the critical level to initiate excitation is achieved very rapidly. During this phase of activity, the rate of rise of the potential, e.g., at 13 to 17°C., is of the order of several hundred mV. msec.AI, and thus the additional depolarization of 20 mV. would develop in only about 0.1 msec. Hence we shall use Nastuk and Hodgkin's temporal values cor- responding to the change between 20 and 100% of crest to represent the time course of excitation of the muscle fiber. It should be realized, however, that such times include a bit of the latter part of the foot and are thus a little too long.
On the basis of the foregoing we now present in Figure 2 the temporal correlation of E-C coupling processes as they occur at 130 C. The course of the spike is derived from the results of Nastuk and Hodgkin and that of the latency mechanical changes from our own average results obtained at the same temperature. The kinetics of the known processes represented in this figure enable us to delineate the sequence of reactions making up E-C coupling. which is still localized within the period of complete mechanical quiescence, i.e., within the interval LR. This indicates that during the time represented by LR two processes occur: first excitation and then some other reaction. In the introduction to this paper it was made evident that there must be some process which is initiated by the excitation changes in the membrane and which then acts inwardly to effect activity of the contractile material. WVe assume that this process is going on during the latter part of the period LR, for this segment of time lasting 1.2 msec. at 130 C.-intervenes between the instant at which excitation is complete and the moment at which activation of the contractile material is just detectable. In view of its function, we shall refer to this process as the 'spike-activation (S-A) link.' The speed of action of this link may be measured by the shortness of the time lapse between spike crest and the initiation of the latency relaxation. But it should be noted that other evidence, e.g., the time required to complete activation throughout all of the contractile material, and thus set up the active state at full intensity,2' indicates that its duration extends into the early part of the usual contraction period.
Thus, our kinetic analysis of the observable excitatory and mechanical events of the latent period shows that E-C coupling consists of a sequence of four main reactions: (i) spike potential, (ii) S-A link, (iii) activation, and (iv) contraction. To some extent we have already discussed the r6le of activation in this sequence. But of particular interest are those processes which occur in the membrane and the reaction which connects these to the activation of the contractile material; and much remains to be said regarding these functions as performed by the spike potential and the S-A link. We therefore turn to a more detailed discussion of these two reactions.
Currents and potentials during excitation When a muscle fiber is excited so that propagation occurs-the normal process in the body-we postulate that essentially the same E-C coupling reactions occur as are present when excitation is massive, that is, the arrival of the action potential at a particular segment of the fiber sets in motion the E-C coupling mechanism in that segment. Then, as the action potential sweeps on, this mechanism is repeated in each of the successive longitudinal elements of the fiber so that a dependent wave of contraction follows in the wake of the self-propagated wave of excitation. Under these conditions propagation is determined by the flow of local currents between the resting region just ahead of the spike and the region in the state of excitation.'2 Thus the propagation of excitation includes two rather distinct electrical events, the local currents and the alteration in trans-membrane potential of the excited portion of the membrane. The question therefore arises as to which of these changes serves to initiate the E-C coupling sequence. There is an implication, of course, in our reference to the first event of this sequence as the spike potential that it is the potential change, as such, and not the local current that is of importance. Certain results will now be presented indicating that this implication is correct.
Strong presumptive evidence in favor of the view that local currents play no r6le in E-C coupling has been presented. Kuffler especially has pointed out"6"7 that a muscle in contracture when completely immersed in a depolarizing solution, e.g., one containing extra K+ ion, cannot possibly develop local currents since the membrane potential is the same over the entire length of each fiber. The contracture shortening present under such conditions must then be a consequence of the change in membrane potential. Katz,' in his short but perspicacious review, comes to the same conclusion. This view, however, is not unequivocal. In the first place, certain muscles, e.g., the frog rectus abdominis, remain in contracture for as long a time as the depolarization is maintained; but other muscles, e.g., the sartorius, develop a contracture during the early period of a depolarization, which then spon-taneously relaxes even though the depolarization persists.'5"8 Furthermore, contracture is in many ways different from contraction, especially in timing.
In the former there is a general temporal parallelism between shortening and depolarization, while the latter, as indicated in Figure 2 (although the twitch shortening is initiated by the spike potential) runs its course for a long time after the spike is over and thus (except for a small, slowly decaying negative after potential) occurs in the absence of any membrane electrical alteration. It is clear that on this question we need independent evidence obtained from normal contraction behavior; and this evidence is afforded by our experiments with massive stimulation. As previously discussed, massive stimulation results in excitation without propagation since all longitudinal elements of each fiber are in phase during the action potential response; i.e., there cannot be any potential differences along the length of any fiber undergoing excitation and thus no longitudinal currents can flow. Yet under such circumstances an essentially normal contraction develops. This demonstrates that longitudinal currents are not necessary for E-C coupling as it occurs in response to massive stimulation. But if this is so, then even in propagated responses where such currents occur, there is no reason for believing that they play any r6le in the coupling mechanism. Thus, our considerations make quite conclusive the inference for contractions drawn by Kuffler from his results on contractures. They are furthermore in accord with the view of Katz45 that when current flows through a muscle fiber, no alterations in ionic distribution occur in the fiber interior, e.g., accumulation of ions at the interfaces between myofibrils and sarcoplasm; for in the absence of such ionic changes there would seem to be no physical basis for longitudinal current effecting activation of the contractile substance. And this applies to any transverse component of current, as well as longitudinal, as long as the current flows in the myoplasm.* We now consider the electrical changes of excitation which occur transversely across the membrane, and it will be seen that these are of critical importance. However, it will help in limiting the possibilities associated with such membrane changes to recall some elementary facts concerning the relation between membrane polarization and mechanical state of muscle * It may be mentioned that under massive excitation there should be another type of "local" current.Just aftermassive stimulation, we presume that the whole of the cathodal side of a fiber is excited, but the opposite side is not. Hence, there should appear a circumferential propagation of the action potential around the fiber, and in association with this an external circumferential local current continuous with an internal portion that passes transversely through the fiber. However, the evidence discussed above and some to be mentioned later eliminates any such transverse current as a factor determining the r6le of excitation in E-C coupling. fibers. It is well known that contractile responses occur only in response to depolarization of the membrane. This has already been mentioned for overall contractures; and of course it holds for ordinary contractions evoked by a stimulus applied through a pair of electrodes placed on the muscle, since the wave of contraction is initiated at the cathode and not at the anode where, in fact, the resting polarization is transiently increased. Similarly, if a strong enough electric pulse is passed through a muscle made inexcitable by K+ or novocaine, a local contractile change develops in the region of the cathode and not of the anode.'7 Furthermore, any mechanical change induced by a depolarization can be reversed by repolarization, even when conditions are set for a contraction if the repolarizing pulse is applied quickly enough. Hence, all these facts prove that it is the depolarizing action accompanying the rise of the spike potential that is the essential stimulus which sets in motion the E-C coupling mechanism. If the events connected with the waning of the spike (for example, the outflow of K ions"8') play any r6le in the twitch contraction, this must be to start some process that brings about relaxation of the muscle. But this is purely speculative, for it is also conceivable that the active state of the contractile material may itself start some side reaction which induces its own relaxation, or it may be selflimiting and thus spontaneously undergo relaxation. Now, Nastuk and Hodgkin' found in their muscle fibers that the action potential had an average peak value of about 120 mV., i.e., the membrane potential changed from a resting value of -86 mV. to an active value of +34 mV. (the signs indicating the polarization of the internal surface relative to the external). There seem to be two possible mechanisms by which this change of potential might act. In the first, we note that in the resting fiber the contractile material is charged and surrounded by an atmosphere of its associated ions, and this whole complex is in equilibrium with the potential at the inner boundary of the membrane. At the peak of the action potential the inner membrane-surface goes positive by 120 mV., and although this change is not very great, it is oppositely directed to the resting state, and the close proximity of the myofibrillae to the membrane means that this small change would cause a tremendous alteration in strength of electric field in the critical region. This might then serve to disturb the electrical charge of the immediately neighboring contractile protein and, by setting up an inward-going wave of electrical change, thus constitute the basis of the spike-activation link. In the second possibility, we consider the changes across the membrane as of primary significance. If the membrane is assumed to be 10-6 cm. thick, then its change of potential in the transition from rest to peak activity would constitute a reversed field strength of 1.2 X 105 V.cm.-I. It is conceivable that such an intense alteration, oppositely directed to the normal field and established very suddenly, could greatly disturb the molecular organization of the membrane and thus possibly cause the release of some membrane component which would then determine activation. Although both of these mechanisms might operate together, evidence will be described later indicating that at least the second one really exists. At any rate, the proposed mechanisms clearly suggest how the active depolarization of the membrane sets up powerful electrical forces which could conceivably lead to activation of the myofibrillar substance.
The foregoing discussion is based on the view that the purely electrical aspect of the rise of the spike potential is of importance. But much recent work on nerve axons''7" has established that this phase of the action potential is caused specifically by the movement of Na ions inward across the membrane; and the general similarity of excitatory events in muscle fibers, in so far as they have been studied,' permits us to assume that this Na+ inflow occurs in these fibers as well. It is therefore of interest to enquire whether the entry of Na+ might act as a specific chemical stimulus in the activation of contraction.
It is known'M that the Na+ entry during active depolarization of invertebrate axons is about 4 X 10-12 mol. cm.-2 impulse-1, and Nastuk and Hodgkin'M suggest that this flux is approximately twice as great in frog sartorius fibers. If we assume this, and further assume that the fiber diameter is 10-2 cm. and that due to electrical restrictions at the membrane the penetrating sodium ions are limited to a layer only 107 cm. thick just inside the membrane, then it can be calculated that the increase in concentration of Na ions in this layer will be of the order of 0.08 M impulse-1. Since the normal Na+ molarity inside the fiber is about 0.02, this amount of suddenly introduced extra Na+ would cause a relatively large local increase in concentration of this ion that might serve to set off the spikeactivation link by means of some specific chemical reaction with a component of the myoplasm. But experiments? have been done in which relatively large volumes of 0.123 M NaCl have been injected into small lengths of isolated, living muscle fibers and no mechanical effect was observed, even though similar injections of only 0.002 M CaCI2 caused a considerable shortening. Furthermore, depolarization of a muscle by immersion in isosmotic KCl causes a contracture even though no external Na+ is present, and therefore no penetration of Na+ could possibly occur. In view of this evidence, we may conclude that the inflow of Na ions during excitation is of no consequence in setting up a new chemical milieu which would initiate the S-A link. This all the more stresses the point that it is the spikepotential, as such, that performs this critical function.
Spike potential safety factor One of the many questions that have arisen in discussions of E-C coupling is concerned with the relation between the magnitude of spike potential and accompanying mechanical output. Fulton' presents the view that "the electric response is produced by the same mechanism that controls the initial energy liberation in muscle," and that these two responses therefore vary in parallel. Although they have based their views on different kinds of evidence, Brown' and Fleckenstein" have proposed a similar type of proportional variation. Contrary evidence, however, has appeared in various pieces of research""'60, 70 which proves that under certain conditions muscles show variations in tension output which bear no fixed relation to the size of the action potential.
A summary of some of our own results pertinent to this point is presented in Figure 3 . Figure 3 are at least an approximation of the true state of affairs.
The evidence given in the figure proves that there is a considerable lack of dependence of the intensity of the contractile response on the potential of the spike: it will be noted that in the presence of enhanced K+ and of cdeficient Na+ the tension output is potentiated above normal even though the action potential is depressed, and that after equilibration to anionically modified Ringer's solution there is a marked mechanical enhancement in association with normal sized action potentials.
These results demonstrate that the spike potential serves as a true trigger in the initiation of E-C coupling. The essence of a trigger is that the intensity of its action, provided it is at least of threshold level, bears no necessary quantitative relation to the magnitude of the change it sets off; i.e., it operates in general with a definite safety factor. This kind of mechanism is already well known for other physiological processes, for example, in connection with the r6le of the safety factor in conduction of the action potential42 and in junctional transmission relative to the operation of the end-plate potential in exciting the muscle fiber."8 Thus, to these cases of physiological triggers we can now add the function of the spike in E-C coupling. Although our present results set no clearly defined limit to the value of the safety factor of this trigger, it would seem to be of the order of four to five at least.
From our previous discussion of the sequence of reactions of E-C coupling and of the role played by the spike potential, it would seem that the spike acts as a trigger directly on the spike-activation link, and that consequently the processes of E-C coupling automatically proceed, with each reaction determining the next, until contraction finally ensues. We will have more to say about the spike-activation link in this sequence later. But it is of interest to note now that the electrical fields set up by the spike, at or across the membrane, are so intense that they could possibly be more than powerful enough to activate this link, and this might be the explanation of the presence of the safety factor.
The demonstration that the spike acts as a trigger with a rather large safety factor raises a number of interesting problems. One' is the mechanism by which a prolonged depolarization causes a contracture: does a safety factor operate in these responses? This seems to be excluded by results"8 which show that contracture shortening of frog gastrocnemii is proportional to the depolarization caused by a wide variety of agents. It is therefore suggested that the trigger function holds only if the potential change occurs with the great rapidity of the spike. Another problem is the clarification of the kind of coupling between membrane and contractile events that occurs in the unpropagated responses that are set up by very strong electric shocks in muscles made inexcitable, e.g., by K+ or procaine. Does the shock under these conditions evoke a local, triggering change in membrane potential, or does it act directly on the contractile material? Finally, it is interesting to consider Fleckenstein's theory'5-that energy for contraction is obtained directly from the energy of the action potentialin relation to the trigger function of the spike. This theory is certainly in contradiction to the presence of the spike's safety factor, but it can also be shown to be incorrect on other grounds. No extended critique will be attempted here: however, it will be shown that in a maximally contracting muscle the energy of the action potential, even when maximal in each fiber, is far less than that of the twitch as a whole. Hodgkin'M has determined that in association with the action potential in a single Loligo axon of 500 ju diameter the electrical energy liberated is 24 erg gm.-' impulse-'. This was done by use of the formula that the energy, W CV2 where C = 1.5 uf for each cm.2 of membrane, and the peak spike potential, V = 0.1 V. In the frog muscle fiber C -5 tuf cm.-2 (Katz"3) and V = 0.120 V. Furthermore, these fibers have a diameter of about 100 /A, and thus it can be calculated that the total membrane area of 1 gm. of fiber is 5 times that of the Loligo axon (this being important in connection with the total capacitance of the fiber). Taking into account these differences in the electric constants and the geometry of the fibers, it turns out that the energy of the action potential of muscle fiber is 570 ergs gm.-' impulse-' or 1.3 X 10-5 gm. cal. gm.-' impulse-'. This energy release will be less for the total length of the fibers in one gram of intact muscle, since the fibers make up only about 0.85 of the mass of the muscle. Thus, the actual value will be 1.1 X 10 5 gm. cal. gm.-' impulse-'. We may now compare this energy of excitation with the energy of a twitch. Hill' has determined that in a maximal isotonic response the total release (activation heat + shortening heat + work) can be as high as 2.8 X 103 gm. cal. gm.-' twitch-'. Since this is set free in response to only a single impulse in the fibers, it is evident that under normal conditions the energy of the action potential is only about 0.4% of that released in the contraction; and in view of our previous discussion of the safety factor, this may be as low as 0.1 %. For this reason, it is evident that Fleckenstein's theory is not acceptable. Furthermore, our calculation has added significance with regard to the trigger action of the spike, for it demonstrates how. small is the energy expenditure of the excitation process in comparison with the energy set free in the contraction.
The spike-activation link Of all the mysteries of E-C coupling, there is no doubt that the spikeactivation link is the most mysterious; moreover, because it is critically important as the mechanism that couples membrane events to the earliest activity of the contractile substance, it is also the most provocative. We have at present only indirect indications of the nature of this process, part of which is purely kinetic. Our previous discussion shows that at 13°C. an interval of 1.2 msec. elapses between the crest of the action potential and the onset of the latency relaxation, and we ascribe this duration to the operation of the S-A link. We have made some preliminary analyses at other temperatures with results, given in Table 1 , that are so definite that they are worth noting. It is clear that over the range from 6.60 to 250 the time taken up by the S-A link is fairly constant, even though the durations of the rise of the spike and of both the intervals LR and L1 vary widely. This indicates that this reaction has a temperature coefficient of the order of 1, which suggests that the underlying process is fundamentally physical, as it must be if the electrical forces of the membranes previously discussed are responsible for its initiation. However, our S-A link interval is determined in such a way (not only by the value of LR, but also by Hill's determinations of the earliest appearance of both the activation heat' and the effects of quick stretchM2) that it measures the time required to pass on the effects of excitation to the contractile components which are the very first to show activation; and these elements are probably the ones that lie nearest to the surface since they would immediately be affected by the excitation changes taking place in the adjacent membrane. Hill has also obtained results for frog sartorii at 0°C. which give a measure of the time that it takes for achieving the state of full activity. From his activation heat studies,' this appears to be about 30 msec., and from quick stretch experiments,'M 40 msec. Now the mean value of LR for the frog sartorius at 00 C. is 7.0 msec.' Hence the average time needed to complete activation of all the contractile components of a fiber is about 28 msec. This is evidently the time required for the wave of activation to be propagated from the most superficially placed myofibrils to those at the center of the fiber, i.e., for a 100 u fiber, through a distance of 50 u (since the wave starts at the circumference and moves inward toward the center). Hence, at 00 C., the over-all effects of the inwardly going wave of activation suggest that its apparent velocity is 1.8 X 10-4 cm. msec.-I.
Results of Abbott and Ritchie2 indicate that the corresponding propagated action potential has a speed of 560 X 104 cm. msec.-1, so that the wave of activation is slower by a factor of several hundred.
Nonetheless, in another and very important context, this wave of activation is very rapid. The various papers of Hill show that it brings about the state of full activity within only the first tenth of the usually recorded contraction period of a twitch. Taking into account the kinetics of diffusion processes, he has shown by a convincing theoretical analysis that "it is quite impossible, therefore, to explain the rapid development of full activity in a twitch by assuming that it is set up by the arrival at any point of some substance diffusing from the surface; diffusion is far too slow." Consequently, it is likely that "we must look for some physical or physico-chemical process which is released by excitation at the surface and then propagated inwards."28 (See also 24.) Nevertheless, it should be noted that a substance liberated at the membrane may be effectively transported to the center of the fiber by a kind of exchange diffusion.7 That is, if some substance (e.g., Ca ion) is ejected from the membrane as a result of excitation, it could form some complex with the contractile material of the nearby myofibrils, thus causing activation. We might then suppose that dissociation of the complex occurs and the activating substance becomes free to act on the next deeper myofibrils. Thus by a repetition of these processes each element of contractile material would be activated and at the same time serve as a carrier in the exchange diffusion mechanism. Transport of an activating substance in this way might be more rapid than ordinary diffusion, for the jumps from one point to the next would be very short and furthermore electrostatic attractions might be involved in the over-all driving force. Thus the mechanism would be able to satisfy the requirement, stressed by Hill, of the high rate of propagation of activation.
In this connection, our calculation of the velocity of the propagation may be of significance in determining the nature of this process. And it may be of interest that, in some unpublished preliminary studies we have made, the results suggest that the rate of propagation of activation has a rather large temperature coefficient (note values of L1 in Table 1 ), which is in contrast with the previously mentioned result that the spike-activation link in the region near the membrane is not affected by temperature, at least in the range from 6.6 to 25°C. This result, at any rate, would be consistent with a general conclusion that develops from the previous discussion, that the entire process of activation consists first of S-A link, which occurs just inside the membrane, and then an inward-going wave of activation, which has different characteristics from the initial link and which initiates the response of the whole mass of contractile material in a given longitudinal segment of fiber.
We return now to a special point concerning the S-A link. In the previous section it was indicated that this link might be thrown into action during excitation by the change of potential at the inner surface of the membrane or by the transmembrane electric field. Evidence for the latter mechanism may be found in some of our results of the effect of excess K+ on muscle responses,70 a summary of which is presented in Figure 4 . The significant feature of these results is that increases in depth of the latency relaxation and the tension developed in maximal isometric twitches appear in the presence of extra K+ under such conditions that we know that the added K+ had not penetrated the fibers. Thus, marked changes in the behavior of the contractile material can occur even though an agent, here K, acts only at the external surface of the fibers, i.e., on the excitatory membrane. Since our results show that the depth of the latency relaxation is especially enhanced, it is suggested that there is a corresponding intensification of the activation process, at least at the time of the LR, i.e., at the time that the wave of activation is beginning to be set up in the region near the membrane. And we then infer that this potentiation of activation determines the enhancement of the ensuing contraction. But the main question is to explain how the K+-induced effect on the membrane is transmitted to the contractile material. This could not be accomplished by any electromotive effect of K+ for, as is well known and as previously shown in Figure 3 , K+ reduces the spike potential and this could hardly be associated with the I accompanying intensification of the responses (both R and T) of the contractile material. And, anyway, our discussion of the safety factor of the spike shows that this trigger need only attain a certain relatively low threshold value to set off the S-A link. We therefore suggest that the K+ affects some component of the membrane which is not involved in the mechanism generating the spike potential, but which under the influence of this potential is stimulated to develop the S-A link. In the presence of extra K+ we assume that this component becomes more sensitive to the action of the spike and thus releases a supernormal activation of the contractile response.
The assumption of this membrane component for special service in the S-A link entails the view that the membrane is much more complex than is indicated by its function merely in excitation. But this presents no difficulty, since the known composition of the membrane would seem to be great enough to embrace separate elements for these two processes. Probably the relatively high membrane capacitance of the muscle fiber," which is of the order of five times that of most nerve fibers, reflects the presence of the S-A link component. In any case, our analysis indicates that the triggering action of the spike is exerted at least in part on this special structure within the membrane. Such an action might be expected, for there are many conceivable mechanisms by which various components, oriented or composed in a certain way within the resting membrane, would be violently affected when the intense, reversed field is suddenly set up during excitation right across the membrane. (See, for example, Tobias' for a very interesting discussion of such general possibilities in the nerve fiber membrane.)
In connection with the elucidation of the specific nature of the effect of K+ on the S-A link, it is of interest that K+-treated cells release Ca++ from their membrane and cortical regions into the cytoplasm,1"' and that a liberation of Ca++ has been reported upon electrical excitation of normal muscle fibers.' Indeed, Heilbrunn' stresses that any stimulating agent causes a release of Ca into the cytoplasm and he has proposed on this basis a general theory of stimulation. Now, in our experiments the external concentration of K+ was much less than that used, in the above cited studies, to cause a release of Ca++ into the cell interior. It is therefore doubtful that our K+-treated muscle fibers at rest suffered any liberation of Ca++. But it is possible that, upon excitation, the muscle fibers in the presence of extra K+ set free a greater than normal amount of Ca++. Reason in support of this inference is found in the antagonism between K+ and Ca++ effects on the cell surface: K+ causes a dispersive effect, while Ca does the opposite."'74"7 Thus, the state of the cell surface is sensitively dependent on the K/Ca ratio in the external medium. Very pertinent to our immediate analysis, for example, are results which prove that the effects of K+ on muscle we are discussing can be suppressed by a proper increase of Ca++ in the medium.' It is therefore reasonable to infer that in our treated muscles the extra K+ causes a slight "loosening" of the membrane, so that when excitation occurs, the sensitized membrane discharges more than the usual amount of Ca++.
These speculations concerning the behavior of Ca++ in relation to membrane states now become of great interest when it is recalled that this ion has pronounced contractile effects on muscle systems: in quite small concentrations it causes shortening either when injected (0.002 M) into living muscle fibers,' or allowed to diffuse into them,' or when applied (0.001 M or less) to glycerol extracted fibers.'0 Thus, in the normal fiber, the assumed release of Ca++ from the extracted membrane might act to engender activation of the contractile system; i.e., this process would serve as the S-A link. Although this would account for the relation between the spike and the activation of the myofibrillae close to the membrane, there yet-remains the question of the propagation of activation. This could be effected by the exchange diffusion of Ca++ previously discussed, and thus the direct activation of all the contractile material within any fiber would be accounted for by a single mechanism. According to this hypothesis, the intensity of activation would be determined at least by the amount of Ca++ released by the trigger action of the spike; and, therefore, in the muscles exposed to extra K, the enhanced Ca++-liberation would explain the potentiated mechanical activity we have observed.
We are fully aware of the highly speculative nature of this hypothesis of activation and of the many rather special assumptions that have had to be made to form its basis. Nonetheless, we are tempted to carry this speculation one step further in order to try to account for the way that Ca++ might cause activation. It is well known that Ca is a powerful activator of the myosin-ATPase system; and it is generally believed, though there is great difference of opinion concerning the actual details, that this enzyme system plays a key role in the mechano-chemistry of the contractile response of living muscle."2'" We therefore suggest that, in the living muscle, activation of the contractile material (in the sense of Hill) may be attributed to the enzymatic activation of the myosin-ATPase system by Ca++. CONCLUSION A summary of the scheme of E-C coupling that emerges from our study is given in Figure 5 . Only the main points have been chosen for inclusion in this diagram, and these, it should be noted, are based on a foundation of facts and quite firm inferences drawn from the facts. The diagram depicts in a general fashion the E-C coupling sequence as it runs its course at a particular point along the length of a muscle fiber, as the action potential sweeps by in a propagated response, or as it would occur along the entire length of a fiber if stimulation had been effected massively. The horizontal direction represents a time axis, with the zero of time marking the instant at which excitation begins. The vertical direction corresponds to a distance axis, with the membrane, assumed to be 10-6 cm. thick, indicated at the top, and below that a relatively very small part of the inner region of the fiber containing the contractile material.
Before excitation the entire system is at rest; the potential of the membrane is 0.086 V., with the inside surface negatively polarized. When the stimulus acts, excitation occurs and the spike potential quickly develops to its crest, thus setting up a reversed membrane potential of 0.034 V., the inside surface being now positive. Hence, a total difference of potential of 0.120 V. has developed and this corresponds to a reversal of electric field 51 Tm-e -. strength across the membrane of 1.2 X 105 V. cm.-'. This change, moreover, occurs very quickly: if we take the case of massive stimulation in which the whole action potential rises to peak in about 0.6 msec., the rate of change of field is astonishingly great, 2 X 108 V. cm.-1 sec.-1. Our analysis proves that any electric current flow possibly associated with this change plays no role in E-C coupling, but that the essential feature is the alteration of potential, and that this is effective certainly across the membrane and possibly also in so far as the introduction of the new charge on the inner surface of the membrane may affect the state of the neighboring myofibrils.
In any case, the spike, in consequence of these potential changes, acts as a trigger to set off the next reaction, the spike-activation link, and it does this with a safety factor of the order of 5 x. The S-A link is probably made up of two mechanisms: one, for which we have some evidence, is a consequence of the spike-transmembrane potential and it involves the liberation of some substance or agent from the membrane structure itself which then moves into the myoplasm; the other, which seems possible, is due to the direct action of the changed electrical state at the inside of the membrane; this acts rather directly on the neighboring myoplasmic material. In either case the S-A link serves the function of transmitting the effects of excitation to the contractile material just inside the membrane and so causing it to undergo activation thus putting the contractile units into the state through which they must pass in their transition from rest to activity.
Once activation is achieved at the periphery, this initiates a wave of activation that is propagated inward until the whole of the contractile substance is affected. Some preliminary results we present strongly indicate a marked difference between the initial burst of activation involving the S-A link and the later process accompanying the wave of activation, for the rate of action of the S-A link seems to be independent of temperature, while that of the wave of activation is speeded up by the increase of this variable. As soon as any contractile unit completes its activation process, it goes into a state of tension, the active state; and as soon as all the contractile material is so transformed, the full-blown contraction takes place.
This description of E-C coupling is in certain respects only an outline; clearly a formidable array of problems remain yet to be solved. Much more must be learned regarding the membrane component involved in the S-A link. Currently, there are many fascinating approaches to the study of cell membranes, some of which deal with novel permeability,7"4 enzymological,5' 74 and pharmacological properties,5' and all of which may help to elucidate the initial, surface-mediated reactions of E-C coupling. And Tobias'" experiments and speculations concerning the possible effects of electromotive forces on ionic and other changes of membrane and cytoplasmic components may serve to illuminate the problem of the activating effects of the electric fields, set up by excitation, on the S-A link component and on the myofibrils near the membrane.
Whatever may be the mechanism of these processes in normal contractions, we should like to know how they are modified in contractures and in potentiated (or otherwise altered) contractions. In the foregoing we have learned much from considerations of contractures, for they operate under the relatively simple conditions of a sustained depolarization giving rise to a more or less maintained shortening. But we have also pointed out differences between contractures and contractions, and even between contractures of different muscles. There are also the twitch-like contractures evoked by very strong shocks in muscles made inexcitable by various agents (e.g., K+ or procaine)"8' '; probably our recent experiments' demonstrating latent addition of the effects of two successive subthreshold shocks in such muscles will advance our knowledge in this field. Nor are these distinctions among contractures of interest only in relation to mechanisms which appear under the rather artificial conditions of experimental alterations of muscle, for, as shown by the work of Kuffler and co-workers," 5 contractures occur normally in the vertebrate body in consequence of small-fiber innervation of certain muscles, and they are also normal in various motor responses of invertebrates."
As for potentiated contractions, these present many questions. The cases of twitches potentiated by excess in K+ or deficiency in Na+ have been previously mentioned; especially interesting are the very much increased twitch tensions produced by muscles in anionically modified Ringer's solution."0 ' For in such cases-and there are undoubtedly many more-the substance which affects the response acts only at the surface of the fiber, presumably on the S-A component, and the problem thus arises of accounting for the final enhancement of tension by an effect introduced early in the E-C coupling sequence. Furthermore, this mechanism is of great interest in relation to Hill's results which indicate that even in a twitch the intrinsic tension of the fully activated contractile component is equal to that of a maximal tetanus. It appears that this process of full activation is not fixed in a rigid all-or-none fashion, but that its expression in the actual course of the twitch is amenable to change under the influence of modified E-C coupling reactions. Thus, in the normal muscle, full activation according to Hill might not involve all the contractile units and the unaffected ones might act as a reserve to be called into play in the augmented responses; or activation might be always complete, in which case we would postulate that the E-C coupling sequence under particular conditions sets up changes that could modify the later course of the twitch. Much research is needed to clear up these issues.
The above analysis of E-C coupling is based on evidence of the behavior of striated muscle fibers of the frog; no attempt has been made to explain the events at various neuromuscular junctions, which are inhibitory as well as excitatory. To what extent it holds for other muscle tissue-heart and smooth muscle, or muscles of other organisms, invertebrates, as well as vertebrates-remains to be seen. But we should like to believe that the outline we have presented provides a starting point at least for the study of the corresponding coupling reactions in these other muscles.
As we obtain further details of our E-C coupling sequence, we should also be in a position to describe with increasing certainty the earlier events of contraction itself; for obviously the later events of E-C coupling overlap the earlier ones of the complex of mechanochemical coupling that constitutes the basis for the entire course of a twitch. Thus research on E-C coupling, besides helping to elucidate its immediate problem, has broader implications for the study of the behavior of muscle in general. Especially is this true in regard to the spike-activation link and activation, for these are the key processes that connect the excitation events of the membrane to the initiation of the response of the contractile system. In this connection, our speculations concerning the role of Ca++ in the detailed operation of E-C coupling come to mind. Only experimental fact-and that, furthermore, finally obtained in studies on living muscle-can determine whether this hypothesis is correct. But, for the present, we need offer no apology for our speculations, since we value them only in that they enable us to develop a working hypothesis as a basis for further research.
Mysteries abound in the reactions that perform E-C coupling. But they are also found in the attempt to explain any aspect of the fundamental mechanisms of muscular contraction. We hope that our current study has at least defined, to some extent, even if not dispelled, some of the mysteries of E-C coupling, and that it will stimulate further investigations whose results, whatever theory they support, will enable us to advance our understanding of muscular behavior.
